Introduction
Acquired immunodeficiency syndrome (AIDS) has been a devastating pandemic with around 33 million people infected with it worldwide. The human immunodeficiency virus (HIV) is implicated in the etiology of AIDS. The pol gene of HIV-1 encodes three enzymes that are required for viral replication viz., reverse transcriptase (RT), integrase (IN) and protease (PR).1 Currently FDA approved antiretroviral drugs target mainly RT2 and PR3 and are widely used in combination as highly active antiretroviral therapy (HAART). Entry inhibitors e.g. Maraviroc4 and fusion inhibitors such as Enfuvirtide5 have also recently been approved as anti-HIV agents. Though, HAART has been effective in reducing morbidity and mortality, it does not eliminate the virus from patients. 6 Furthermore, the emergence of multidrug resistant viral strains along with severe side effect7-8 associated with existing drugs and the life-long chronic nature of the infection, demand the development of novel drugs that target other crucial steps of viral replication and survival.
The integration of viral cDNA into host chromosomes is an essential step in the viral replication process9 and is responsible for stable infection. Moreover, IN has no known structural analogs in human cells.10-13 Inhibition of this enzyme therefore provides an attractive strategy for antiretroviral drug development.
The function of IN is to integrate viral cDNA into the host genome. This process occurs in two steps: 3′-end processing (cleavage; 3′-P) and joining reaction (strand transfer, ST). In the processing reaction which occurs in the cytoplasm of an infected cell, a site specific endonucleolytic activity removes the highly conserved 3′ terminal CA dinucleotide from the 3′-end of the of viral DNA to generate a reactive nucleophilic 3′-hydroxyl group.14-15 In the strand transfer reaction, the processed 3′-hydroxyl end of the viral DNA does a nucleophilic attack at the phosphodiester bond of the host DNA to effect integration. β-Diketo acid derivatives as represented by S-136016 was the first integrase inhibitor class to have entered clinical trials. Naphthyridine carboxamides such as L-870,81017 have also advanced to clinical trials as have novel mono keto quinolone carboxylic acids18,19 such as GS-9137 which is currently undergoing Phase III clinical trials. Inspite of over two decades of extensive research leading to promising IN inhibitors,20-25 hitherto only one IN inhibitor, raltegravir,26 a pyrimidinone carboxamide, has been approved for clinical use. Moreover, emergence of resistance against raltegravir due to viral mutations mostly usually T66I, N155H, Q148H/R and E92Q)27, demands exploration of novel scaffolds for the treatment of HIV infection.
We have previously reported novel DKA IN inhibitors with aryl moiety modifications that were derived from a phenanthridinone scaffold. 28 In continuing our efforts, we report herein the synthesis and biological evaluation of chalcone derivatives having 3-keto salicylic acid moieties as a new class of IN inhibitors. We have undertaken substantial analog synthesis and applied the PHASE pharmacophore analysis program in conjunction with three dimensional structure-activity relationship (3D-QSAR) studies to gain insights into their binding at the IN active site. CoMFA and CoMSIA 3D-QSAR models were derived to study the influence of stereoelectronic, hydrophobic and hydrogen bonding interactions on activity; and to establish predictive tools for design of novel inhibitors.
Results and discussion

Chemistry
In the present study, a novel series of IN inhibitors was discovered based on modification of the diketo acid pharmacophoric group as represented by structure III (Fig. 1) . The 2-position OH and β-postion keto groups together mimic the keto-enol tautomer of the β-diketo group. Attachment of the carboxylic acid at the 1-position gave the 3-keto salicylic acid moiety of III, intended to interact with IN similar to the β-diketo acids. A styryl group was attached to the 3-position keto group to create chalcones (IV) (Fig. 1) , the type of which have not yet been investigated as HIV IN inhibitors to our knowledge. The chalcone moiety was also reduced to give an ethylene linker as shown in compound 60. Furthermore, replacement of the enone group of the chalcones with an amide group was also investigated.
The synthesis of target chalcones was performed according to reaction Scheme 1. The 5-substituted salicylic acid (X = COOH) starting material 4 was first acetylated with acetic anhydride and concentrated sulfuric acid. The acetylated intermediate 5 was then subjected to Fries rearrangement reaction using anhydrous aluminum chloride and heating at 160 °C to transfer the acetyl group from the 2-position oxygen to the 3-position to yield 3-acetyl salicylic acid intermediate 6. 29 The next step involved the Claisen-Schmidt condensation reaction of intermediate 6 with various aryl aldehydes at room temperature using NaOH to obtain the target chalcones . 30 To determine the importance of the α,β-unsaturated bond (chalcone scaffold) to IN inhibitory activity, the synthesis of compound 60 was undertaken by reduction of compound 36 by Pd/C-catalyzed hydrogenation (Scheme 2). The amide 61 was synthesized according to reaction Scheme 3 such that, commercially available 5-bromo salicylic acid (2) was first formylated with chloroform at the 2-position (ortho) by Reimer-Tiemann reaction to yield the aldehyde intermediate 7. However, the low yield of the above reaction, prompted to employ and alternative synthetic route. Thus, 3-formyl salicylaldehyde 1 was brominated by NBS in acetonitrile to afford intermediate 7 in higher yields. In the next step, compound 7 was condensed with 4-fluorobenzyl amine to afford intermediate 8 which was subsequently subjected to oxidation with KMnO 4 to yield 61. For SAR purposes, compounds 62 and 63 were synthesized by coupling with p-fluorobenzyl We next turned our attention to examining the following. (1) The effect of a bulky aryl B groups: benzyloxy and chloro substituted phenoxy in ortho, meta and para positions of phenyl ring B enhanced activity for both 3′-P and ST steps; whereas an ortho furan substituent (compound 50) increased the inhibitory potency against ST but decreased potency against 3′-P; the increase in activity was most pronounced for the o-benzyloxy substituent (compound 42), with the 3′-P and ST IC 50 19 and 20) . Introduction of strong electron withdrawing groups such as trifluoromethyl and nitro also diminished activity as exemplified by compounds 52 and 53, respectively; (3) Boisosteric replacement of phenyl ring B with polycyclic and heteroaromatic rings: replacement of phenyl with thiophene or benzothiophene (compounds 45 and 49, respectively) displayed improved activity. Naphthalene derivatives on the other hand decreased activity (compounds 47 and 48). It thus appears that heteroaromatic B rings may improve integrase inhibitory activity.
2.2.3.
Reduction of the α,β-unsaturated double bond of the chalcones or replacement with an amide moiety-To explore the importance of the α,β-unsaturated bond of the chalcones on inhibitory activity, we reduced it to a single bond. Our first attempt at this was with compound 25, but reduction also led to a loss of the Br substituent. However, reduction (Scheme 2) of analog 36, having a fluorine substituent, which is not as good a leaving group as Br, was successful in achieving our objective. The reduction product, compound 60, was less active than unsaturated analog, showing that the reduction of the double bond in the chalcone template is detrimental to activity. Bioisosteric replacement of the α,β-unsaturated carbonyl system in the chalcone with an amide moiety (compound 61, see Table 2 ) was well tolerated with retention of comparative inhibitory activity but an increase in ST selectivity. Interestingly, the aldehyde intermediate compound 8, which was obtained during the synthesis of the amide analog compound 61, was found to be more active than the carboxylic acid product 61, indicating that an aldehyde group can substitute for the carboxylic acid group in these compounds, opening an opportunity for exploring other bioisosteric substitutions.
Inhibition of HIV replication in cell culture
To evaluate the potential of these new IN inhibitors as antiviral agents, five potent analogs were tested for the ability to inhibit HIV-1 replication in primary human peripheral blood mononuclear cells (PBMCs) infected with the virus. The toxicity of the compounds was also tested against PBMC and human CEM lymphoblastic leukemia cells. All five compounds tested inhibited of HIV replication (Table 3) . The most potent conpounds, 25 and 15 showed comparable EC 50 values of 7.3 and 8.3 μM, repectively. Compound 49 (integrase ST IC 50 = 11 μM) exhibited an EC 50 of 10 μM, while analog 17 (integrase ST IC 50 = 7.0 μM) displayed an EC 50 of 13.9 μM. Thus, in general the biological activity correlated well with the IN inhibitory potency. Moreover, the two most potent IN inhibitory compounds of the set tested, 15 and 25, were also found to have the highest activity against HIV replication, suggesting that IN might indeed be their antiviral target. These results demonstrate moderate anti-viral activity, which is not very different from early members of the diketo acid IN inhibitors, which served as important lead compounds such as L-706,908 which had an EC 50 of 5.7 ± 4.7 μM for inhibition of HIV replication. 31 The reason that compound 8 (integrase ST IC 50 = 8.0 μM), in which the carboxylic acid is replaced by an aldehyde group showed a lower antiviral activity (EC 50 = 30.8 μM) than expected is not apparent, but may have to do with solubility, absorption, binding to serum proteins in cell culture media and/or cellular distribution factors. The compounds showed mild cytotoxicity, with selectivity index up to 4-fold for compound 49. It may be noteworthy that compound 49 is the only compound among the antiviral test set that had a 5-benzothiophene for ring B; this may offer clues for improving selectivity index. These results demonstrate reasonable anti-viral activity when compared to the anti-viral activity of reported diketo acid inhibitors like L-706,908 which has an EC 50 of 5.7 ± 4.7 μM31 for inhibition of HIV replication. To put data in perspective with regard to AZT's activity, in the same assay, AZT had an EC 50 of 0.001 μM.31
Molecular Modeling
Generation of a Pharmacophore Model Using the PHASE program
Knowledge of the structure of target protein inhibitor interations is limited as no crystal structure of human integrase-ligand-DNA complex is available. Therefore, to explore the bioactive conformation of these novel IN inhibitors, the PHASE32 (v3.0) pharmacophore mapping program implemented in Maestro modeling program package (v8.5; Shrodinger Inc.) was used. The 3D structures of molecules were constructed in and imported from the SYBYL modeling program (v8.3, Tripos).
Conformers of each molecule were generated using the OPLS_2005 force field in the macromodel conformational analysis program of PHASE. A set of pharmacophoric sites based on features defined in PHASE were assigned to the molecules. These included Hbond acceptor (A), H-bond donor (D), hydrophobic group (H), negatively charged group (N) and aromatic ring (R). The three most potent compounds of the series, compound 15, 17 and 25 were selected as actives for use in identifying a common pharmacophore hypothesis using a tree-based partitioning technique of PHASE. The resulting pharmacophores were then scored and ranked.
The top twenty pharmacophore hypotheses were analyzed and validated by partial least square (PLS) regression-based PHASE 3D-QSAR. Random external test sets were generated automatically to determine the predictive ability of the models. The hypothesis that afforded the best PLS statistics (Table 4 ) and the highest predicted ability consisted of six features viz., two H-bond acceptors, two hydrophobic groups, a negative group and one aromatic ring (Fig. 2a) . Two H-bond acceptor features mapped onto the oxygen of the hydroxyl and the 3-keto moiety and negative feature mapped onto the carboxylate group of the salicylic acid pharmacophore. The two hydrophobic features mapped to the halogen substituent of ring A and the para substituted halogen in aryl ring B. The aromatic pharmacophoric feature mapped onto aromatic ring A. Residuals of the training and the test set are listed in Tables 5  and 6 , respectively. The prediction curve for the test set is shown in Fig. 2b . As can be seen, the hypothesis gave a good predictive model with a predictive r 2 of 0.57 for an external test set of ten compounds. It was also able to distinguish active and inactive compounds, with the latter group not aligning well to the features ( Fig. 2c and 2d ).
3D-QSAR Analysis
3.2.1. CoMFA and CoMSIA 3D QSAR Models-Statistical analysis by PLS 33,34 was done using CoMFA and CoMSIA descriptors as independent variables and biological activity in the form of pIC 50 values as dependent variable. The molecular alignment used for CoMFA ans CoMSIA 3D-QSAR modeling was derived from PHASE pharmacophore mapping (Shrodinger, Inc.). PHASE derived pharmacaphore hypotheses have been successfully used to derive "bioactive conformations" for 3D-QSAR modeling in previous work from our laboratory35 and elsewhere (Telvekar et al.) 36 . Thus, "bioactive conformations" of all the molecules from PHASE conformational analysis were superimposed using the MATCH alignment tool in SYBYL (Fig. 3) . Fifty three (53) synthesized target compounds were used for the 3D-QSAR analyses. The Leave-One-Out (LOO) method of cross validation was used for intial assessment of the predictive abilities of the models with the training sets. The optimal number of components used in the final QSAR models was that which gave the smallest standard error of prediction. Reliability of the models was tested by prediction of 10 compounds selected as an external test set using factor analysis. The PLS analysis results from both the CoMFA and CoMSIA models are summarised in Table 7 . Cross-validated q 2 values of 0.43 and 0.54 were obtained for CoMFA and CoMSIA, respectively. Results of rigorous statistical testing using group cross-validation (20 groups), bootstrapping and randomization of activity data demonstrated the robustness of the QSAR models. Both CoMSIA and CoMFA identified six outliers, which were excluded on the basis of their extreme residual values ( Table 8) . Out of these, five outliers were common to both CoMFA and CoMSIA. These were compounds 16, 27, 28, 55 and 57. The reasons for compound 55 being an outlier are not apparent. With compound 16 (iodo substituted) and compound 57 (X = CH 3 ), their outlier stsus may stem from structural uniqueness, whereas the outlier stus of compounds 27 and 28 (least active analogs, X = Cl) may drive from different binding modes. The CoMFA and CoMSIA predictions for the training and the test sets are shown in Figs. 4a and 4b, respectively. The CoMFA and CoMSIA residual values for the training set are given in Table 8 and the corresponding values for the test set in Table 9 . In concordance with the higher q 2 value, the CoMSIA model performed better than CoMFA mpdel, and predicted all test set compounds within 0.56 log unit of the actual pIC 50 values. (Fig. 5a) show green contours around the ortho and para positions on aryl ring B indicating that bulky groups are favored at these positions. This is validated by the fact that a benzyl group substitution at the ortho position resulted in higher activity (compound 42). Compounds 44 and 49, which have a bulky chloro phenoxy and thiophene groups around the green contour at the para position also displayed better inhibitory activities. A large yellow contour surrounds a small green contour at the meta position on aryl ring B suggesting that only a limited bulk is favourable for activity. This is apparent by the loss of inhibitory activity observed with compound 46, the bulky cyclopentyl ring of which occupies the sterically disfavored yellow conour region. There is also a green contour evident at the R 1 position on the aromatic ring A. This may be the reason why among the three halogens at that position, bromine, which is the bulkiest, afforded the highest activity. At the aryl ring B, CoMFA electrostatic map reveals a red contour at the 3′-position suggesting that electronegative groups could increase activity at this position. This is most exemplified by the 3′-Cl substitution in compound 13 which had an IC 50 value of 9 μM. However, for compound 55, a decrease in activity was observed. Red contours are also present at the 5′-and the 6′-positions. The dichloro-substituted compounds 21 and 22 having Cl at the 5′-and 6′-positions showed improved activities. There are also distant blue contours around aryl ring B, which predicts that electropositive groups should increase activity at these positions. Electronegative oxygen atom of the methoxy substituents in compounds 20, 40 and 41 points towards the blue contours and thus may explain the loss of activity observed by the presence of methoxy groups in these compounds. The red contours around the salicylic acid moiety in aryl ring A suggest that a negative charge is important for activity in this region, possibly for chelation with the active site Mg +2 ions. This is in agreement with the proposed mechanism of action of these compounds as HIV-1 integrase inhibitors. There is a red contour around the 4′-position and both blue and red contours at the 5′-position (R 1 ). This suggests that polarizability effect might be important at R 1 and could explain the increased activity conferred by bromine substitution over other halogens and the similar-sized hydrophobic methyl group at this position.
The CoMSIA steric contour map (Fig. 5b ) also shows a large green contour around aryl ring B. Like in the CoMFA, the electrostatic contours of CoMSIA also show red contours at the 3′ and the 4′-positions on ring B, and at the 5′-position (R 1 ) on ring A. There is a blue contour located at the position of the hydrogen atom of the hydroxyl group of the salicylic acid moiety. The hydophobic, H-bond donor and acceptor contours are shown in Fig. 5c . There is a white contour located near the R 1 substituent position which suggests hydrophophilic groups increase activity at this region. This might be the reason why compound 57 with a hydrophobic methyl group at this position was less active than the corresponding halogen compounds. The improved activity observed with bromine at R 1 position may be the result because of a combination of polarizability effects. White contours are also evident at the 2′ and the 5′-positions on the B ring, indicating that hydrophilic groups are favored for activity. This might be the explanation, or at least in part, for the decrease in potency of compounds 19 and 35, which have hydrophobic methoxy and methyl groups at these regions. Another white contour appears at the 3-keto oxygen again signifying the need for hydrophilic groups at this position. There is a yellow contour close to the 4′-position on ring B, suggesting that hydrophobic character is favored for activity. The 3′-keto functionality perfectly fits the magenta contour within its vicinity indicating that they may act as H-bond acceptors. A cyan contour appears close to, and merges into the magenta contour, suggesting that the OH group is a H-bond donor at this position. It may be involved in H-bonding interactions with the acceptor carboxylate groups of the acidic catalytic triad residues of intergase active site. The general agreement between the maps and the observed biological activity trends suggests that these models could aid in the design of more active compounds.
Conclusion
In summary, we have successfully synthesized and evaluated the HIV-1 integrase inhibitory activities of a series of chalcone derivatives and related amides harboring a 3-keto salicylic acid moiety as a diketo acid isostere. Consistent with the DKA class of IN inhibitors, these series of compounds were also generally selective against the IN strand transfer catalytic step. Introduction of a Br substituent at the R 1 position and an α,β-unsturated carbonyl linker connecting aryl rings A and B resulted in significant enhancement of inhibitory activity. The most active compound has 2,3,6-trichloro substitution on aryl ring B. In the absence of a crystal structure of the complete human integrase, inhibitor and DNA complex, bioactive conformational hypothesis was obtained and validated by PHASE pharmacophore mapping and 3D-QSAR analysis. Statistically significant CoMFA and CoMSIA 3D-QSAR models were obtained using an alignment derived from the pharmacophore analysis, and may be useful for the design and prediction of the activities of novel related compounds as HIV-1 integrase inhibitors. Last but not the least, most of the potent compounds also inhibited HIV replication in cell culture with moderate antiviral activity, which supports further development of the series.
Experimental Section
All reagents and solvents were purchased from the Aldrich Chemical Company and used without further purification. Progress of reactions was monitored by TLC on silica gel GHLF-250 micron plates (Analtech, Inc.). Fisher scientific Da visil grade 1740 (170-400 mesh) silica gel was used for flash column chromatography. 1 H NMR spectra were recorded on Brucker AR, 300 or 500-MHz spectrometer: chemical shifts are expressed in δ values (ppm) and coupling constants (J) in Hertz. Mass spectral data were determined on a Brucker-HP Esquire-LC spectrometer (ESI-MS). Melting points of final products were determined using a Fisher-Johns melting point apparatus and are reported uncorrected. HPLC analysis of final compounds was carried out using a reverse phase SUPELCOSIL 5 μm C-18 column of dimensions 25 cm × 4.6 cm. Area % purity was detected at 254 nm. An initial isocratic method comprising 40% water (solvent A) and 60% methanol (solvent B) for 20 min at a flow rate of 1.2 mL/min was optimized to a linear gradient elution with water (A) and methanol (B) at a flow-rate of 1.7 mL/min. Gradient elution of the mobile phase was either (a) 80 % A to 35 % A from 0-5 min, 35 % A, 65% B for 5-12 min, and 35 % A to 80 % A from 12-15 min or (b) 60 % A to 20 % A from 0-4 min, 20 % A and 80% B for 4-12 min and 20 % A to 60 % A from 12-15 min. The purity of all, but two, compounds was found to be ≥ 95%.
General procedure for the synthesis of acetylated intermediates (5a-5e)
5-Halogenated salicylic acids (46 mmol) were stirred with acetic anhydride (20 mL) and 80 μL of conc. H 2 SO 4 was then added. After a few (20) min the reaction mixture solidified and was poured into cold water. The solid so obtained was filtered and extracted with ethyl acetate, washed with brine and dried over Na 2 SO 4. The solvent was evaporated under reduced pressure to obtain a crude solid which was recrystalized from ethyl acetate/hexane to afford white crystals (5a-5c). 
2-Acetoxy-5-bromobenzoic acid (5a)-Yield
General Procedure for the synthesis of 3-acetyl-5-halo salicylic acids (6a-6e)
The acetylated intermediates (38.61 mmol) and AlCl 3 (120 mmol) were mixed in a threenecked flask and heated to 160 °C under mechanical stirring. After 3 h, the reaction mixture was cooled to room temperature and poured into ice containing 20 mL concentrated HCl. The slurry was extracted with ethyl acetate, acidified with 1 M HCl, washed with brine and dried over Na 2 SO 4. The solvent was evaporated to give the crude product, which was washed with dichloromethane for removal of impurities, filteredand dried to give 3-acetyl salicylic acids as pale brown powders. 
2-Acetoxy-3-acetyl-5-bromobenzoic acid (6a)-Yield
3-Acetyl-5-bromo-2-hydroxybenzonitrile (6d)-Yield
3-Acetyl-2-hydroxy-5-methylbenzoic acid (6e)-Yield
General procedure for the synthesis of chalcones (10-57)
Equimolar amounts of aromatic aldehydes and intermediates 6a-6e were dissolved in 10 mL of ethanol, and 5 mL of 25% aq NaOH was added. More solvent was added to help stirring in cases of excessive precipitation. The reaction mixture was stirred at rt for 1-5 days or until completion of reaction (6 h for compound 56). The mixture was then poured into ice and acidified with 3 N HCl to pH 4. The yellow precipitate formed was filtered and washed with water. The crude solid was purified by column chromatography (10-25% ethylacetate/ hexane) and/or recrystalized with ethanol or THF/water to yield pure chalcones. 5.3.3. 5-Bromo-3-[3-(2-fluorophenyl)-acryloyl]-2-hydroxybenzoic acid (12) Bromo-3-[3-(3-chlorophenyl)-acryloyl]-2-hydroxybenzoic acid (13 Bromo-3-[3-(2,3-dimethoxyphenyl) 5.3.11. 5-Bromo-2-hydroxy-3-[3-(2,3,4-trimethoxyphenyl) Chloro-2-hydroxy-3-[3-(2,3,5-trichlorophenyl) Chloro-2-hydroxy-3-[3-(2,3,6-trichlorophenyl) Fluoro-2-hydroxy-3-[3-(2,3,6-trichlorophenyl) Bromo-3-[3-(3-cyclopentyloxy-4-methoxyphenyl) Bromo-2-hydroxy-3-[3-(3-trifluoromethoxyphenyl) Bromo-2-hydroxy-3-[3-(3-nitrophenyl) 
5-
5-Chloro-3-[3-(4-chlorophenyl)-acryloyl]-2-hydroxybenzoic acid (26)-
5-Chloro-3-[3-(2,4-dichlorophenyl)-acryloyl]-2-hydroxybenzoic acid (27)
-
5-Chloro-3-[3-(2,3-dichlorophenyl)-acryloyl]-2-hydroxybenzoic acid (28) -Yellow
5-
5-Chloro-3-[3-(3,4-dichlorophenyl)-acryloyl]-2-hydroxybenzoic acid (32) -Yellow
5-Fluoro-2-hydroxy-3-[3-(2,3,5-trichlorophenyl)-acryloyl]benzoic acid (37)-Yellow
5-
5-Bromo-2-hydroxy-3-(3-thiophen-3-yl-acryloyl)benzoic acid (45)-
5-
5-Bromo-2-hydroxy-3-[3-(6-methoxynaphthalen-2-yl)-acryloyl]benzoic acid (48)-Yellow
5-
General procedure for the synthesis of chalcones (58-59)
A similar procedure to the one mentioned above was followed with appropriate aromatic aldehydes and commercially available 1-(5-Bromo-2-hydroxy-3-nitro-phenyl)-ethanone starting material. Bromo-2-hydroxy-3-nitrophenyl)-3-(2,3,5-trichlorophenyl) Bromo-2-hydroxy-3-nitrophenyl)-3-(2,3,6-trichlorophenyl) 
1-(5-
HPLC: t R 6.53 min, purity 98.0%.
General procedure for the synthesis of 3-[3-(2,5-dichlorophenyl)propionyl]-5-fluoro-2-hydroxybenzoic acid (60)
Compound 36 (0.2 g, 0.563 mmol) was dissolved in methanol (10 mL) and Pd/C (10 mol %, 20 mg) was added. The resulting solution was stirred under hydrogen at atmospheric pressure for 2 h at room temperature. After the reaction was complete, the reaction mixture was filtered through celite, and evaporated to dryness. The resulting crude solid was recrystalized from ethanol to give a white solid, yield 43%; mp 163-164 °C; 1 20 (s, 1H, NH), 7.98 (s, 1H, ArH), 7.85 (s, 1H, ArH) 
General procedure for the synthesis of N-(4-fluoro-benzyl)-2-hydroxy-3-methylbenzamide (62) and 5-bromo-N-(4-fluoro-benzyl)-2-hydroxybenzamide (63)
A similar procedure to the one described for the synthesis of intermediate 8 was followed by condensing 4-fluorobenzyl amine and commercially available 2-hydroxy-3-methylbenzoic acid (3a) and 5-bromosalicylic acid (3b) to give compounds 62 and 63, respectively. N-(4-Fluoro-benzyl)-2-hydroxy-3-methylbenzamide (62) 
5.7.1.
General procedure for the synthesis of 2-hydroxy-3-(3-phenylpropyl)benzoic acid (9)
Compound 10 (0.05 g, 0.195 mmol) was dissolved in ethanol (10 mL) and Pd/C (10 mol %, 5 mg) was added. The resulting solution was stirred under hydrogen at atmospheric pressure for 10 h at room temperature. The reaction mixture was then filtered through celite, and evaporated to dryness. The resulting crude solid was purified using preparative chromatography to give a white solid, yield 72%; mp 125-127 °C; 1 
CoMFA and CoMSIA Studies
Three-dimensional structure building and CoMFA and CoMSIA studies were performed on a Dell computer workstation workstation with the Red Hat Linux operating system using the SYBYL program, version 8.0 ( Tripos Associates Inc). Partial atomic charges were assigned with MOPAC. The CoMFA descriptors, steric (Lennard-Jones 6-12 potential) and electrostatic (Coulombic potential) field energies, were calculated using Tripos force field with a distance-dependent dielectric and employing the SYBYL default parameters: 2 A grid points spacing, an sp 3 carbon probe atom with +1 charge asnd vdW radius of 1.52 A, and energy cut-off of 30 kcal/mol. The five similarity indices in CoMSIA, i.e., steric, electrostatic, hydrophobic, H-bond donor and H-bond acceptor descriptors, were calculated37 using a C 1+ probe atom with a radius of 1.0 A placed at regular grid spacing of 2 A. A Gaussian type distance dependence was used between the grid point q and each atom i of the molecule. The default value of 0.3 was used as the attenuation factor (R). Column filtering was set to 2.0 kcal/mol. CoMSIA steric indices are related to the third power of the atomic radii, electrostatic descriptors were derived from atomic partial charges, hydrophobic fields were derived from atom-based parameters,38 and H-bond donor and acceptor indices were obtained by a rule-based method based on experimental results.39 The CoMFA and CoMSIA descriptors were used as independent variables, and pIC 50 (−log IC 50 ) values were used as the dependent variable in PLS regression analyses to derive 3D-QSAR models. The predictive value of the models was evaluated by leave-one-out (LOO) cross-validation. The cross validated coefficient, q 2 , was calculated using eq 1: (1) where Y predicted , Y actual , and Y mean are predicted, actual and mean values of the target property (pIC 50 ), respectively. Σ(Y predicted − Y actual ) 2 is the predictive sum of squares (PRESS). Conventional correlation coefficient r 2 and its standard error, s, were also computed for the final PLS models. CoMFA and CoMSIA coefficient maps were generated by interpolation of the pair wise products between the PLS coefficients and the standard deviations of the corresponding CoMFA or CoMSIA descriptor values. 
Preparation of oligonucleotide substrates-
The oligonucleotides 21top, 5′-GTGTGGAAAATCTCTAGCAGT-3′, and 21bot, 5′-ACTGCTAGAGATTTTCCACAC-3′, were purchased from the Norris Cancer Center Microsequencing Core Facility (University of Southern California) and purified by UV shadowing on polyacrylamide gel. To analyze the extent of 3′-end processing and strand transfer using 5′-end labeled substrates, 21top was 5′-end labeled using T 4 polynucleotide kinase (Epicentre, Madison, WI) and γ[ 32 P]-ATP (Amersham Biosciences or ICN). The kinase was heat-inactivated and 21-bot was added in 1.5 M excess. The mixture was heated at 95 °C, allowed to cool slowly to room temperature, and run through a G25 mini spin column (USA Scientific) to separate double-stranded oligonucleotide from unincorporated material.
5.10.3.
Integrase assays-To determine the extent of 3′-processing (3′-P) and strand transfer (ST), wild-type IN was preincubated at a final concentration of 200 nM with the inhibitor in reaction buffer (50 mM NaCl, 1mM HEPES, pH 7.5, 50 μM EDTA, 50 μM dithiothreitol, 10% glycerol (w/v), 7.5 mM MnCl 2, 0.1 mg/mL bovine serum albumin, 10 mM 2-mercaptoethanol, 10% dimethylsulfoxide, and 25 mM MOPS, pH 7.2) at 30 °C for 30 min. An aliquot (5μL) was electrophoresed on a denaturing 20% polyacrylamide gel (0.09 M Tris-borate, pH 8.3, 2 mM EDTA, 20% acrylamide, and 8M urea). Gels were dried, exposed in a PhosphorImager cassette, and analyzed using a Typhoon 8610 Variable Mode Imager (Amersham Biosciences) and quantitated using ImageQuant 5.2. Percent inhibition (%I) was calculated using the following equation:
, where C, N, and D are the fractions of 21-mer substrate converted to 19-mer (3′-P product) or strand transfer products for DNA alone, DNA plus IN, and IN plus compound, respectively. The IC 50 values were determined by plotting the logarithm of compound concentration versus percent inhibition to obtain the concentration that produced 50% inhibition.
Anti-HIV-1 activity assay
The testing of the ability of potent compounds to inhibit HIV replication in cell culture was done according to a previously reported procedure.40 PBMC (107 cells/T25flask) were stimulated with phytohemagglutinin for 3 days and infected with a wild-type HIV-1 strain (strain LAI) at 100 50% tissue culture infective doses, as described previously. 40 The cultures were kept for 5 days in the presence of test compounds at serial 1-log dilutions. Subsequently, human PBMC were removed from the culture supernatant by centrifugation (400g, 10 min, 4 °C). This clarified supernatant was tested by a reverse transcriptase assay.
Cytotoxicity assays
The cytotoxicity of compounds was evaluated using uninfected PBMC and CEM leukemia cells according to a previous method.41 PBMC were obtained from whole blood of healthy individuals, while CEM were obtained from the ATCC (Rockville, MD). The PBMC and CEM cells were cultured in the presence or absence of compound for 6 days. After this time period, cells were stained with Trypan blue dye, and counted for cell proliferation and viability according to the previously reported procedure.42 Design of 3-keto salicylic acid pharmacophore of synthesized chalcones. Table 1 Structure and HIV-1 integrase inhibitory activities of chalcones Structure and HIV-1 integrase inhibitory activities of synthesized compounds Table 3 Anti-HIV activity of selected novel potent derivatives Table 5 Residuals of training set by PHASE 3D-QSAR 
